nant signal that overrides the activated checkpoint in In several organisms, activation of the DNA damage the damaged nucleus, resulting in a binuclear division. checkpoint leads to an inhibitory phosphorylation of the To carry out this experiment, three conditions had to be met. First, we needed to create a binucleate cell, then to induce defined DNA damage in one of the two ‡ To whom correspondence should be addressed (e-mail: stearns@ stanford.edu).
in the binucleate zygote, the Kar1 ϩ parent contained a deletion of the HO cleavage site at the MATa locus, rendering it immune to the action of HO. Mixing of the cytoplasms after mating would allow access of the HO endonuclease to the kar1-⌬15 nucleus, which contains a cleavable MAT␣ locus; thus, this nucleus would suffer a DSB (Lee et al., 1998) . Although this break can be repaired by recombination with the HML and HMR loci, in the continuous presence of high levels of the HO endonuclease the site is rapidly recleaved (Connolly et al., 1988) . To eliminate the possibility that this repair was altering the response to the DNA damage, we also performed the experiments with strains deleted for the HML and HMR loci, where no repair by recombination is possible.
To distinguish the two nuclei within the zygote after mating, we marked one of the chromosomes in the kar1- washed to allow the cells to resume cell cycle progresthe kar1-⌬15 mutation. This mutation causes a block sion. Typically, no zygotes contained nuclei undergoing in nuclear fusion, resulting in zygotes that have two mitosis at the time of release from the hydroxyurea separate nuclei (Vallen et al., 1992) but are otherwise block, and only a low percentage (Ͻ10%) had entered normal. Defined DNA damage was created by expressmitosis 1 hr after release. Most of the zygotes had begun ing the yeast HO endonuclease in the binucleate zygote nuclear division at the 2 hr time point, with some residual from a galactose-inducible promoter. The HO endonudivision at 3 hr. clease normally cleaves a single site in the genome at We expected that two undamaged nuclei in the com-MAT, the expressed mating-type locus (Kostriken et al., mon cytoplasm of a zygote would undergo a synchro-1983). The HO cleavage site is also present at the trannous, binuclear division in response to activation of miscriptionally silent HML and HMR mating type loci, but tosis. This was confirmed in control experiments in these sites are not normally accessible for cutting. A which the Kar1 ϩ ϫ kar1-⌬15 zygote did not express the single persistent DSB generated by HO is sufficient to inducible HO endonuclease. The zygotes resulting from cause cells to arrest prior to anaphase (Sandell and the cross of TSY1260 with TSY1261 (Table 1) acts only locally and is not transmitted to the other nucleus.
If the mononuclear division we observed in the zythe GFP-marked and the unmarked nucleus were equally likely to divide. gotes with one damaged nucleus was due to the action of the DNA damage checkpoint acting on the damaged Binucleate zygotes with a DSB in one of the two nuclei were made by crossing TSY1260 with TSY1262, which nucleus, then it should be possible to abrogate it by deletion of RAD9, which abolishes the HO-induced DSB expresses the HO endonuclease. Of all such zygotes dividing by 3 hr after release from the hydroxyurea archeckpoint (Lee et al., 1998; Weinert, 1998). When the above experiment was repeated with rad9 deletion murest, 68.4% displayed mononuclear division in which the undamaged nucleus divided while the GFP-marked, tations in both parent strains, in the majority of zygotes (85.6%) both nuclei divided (Figure 3a) , similar to the damaged nucleus remained undivided (Figure 2, bottom, and 3a) . This result indicates that the inhibitory results in the absence of DNA damage. This indicates that the arrest of the damaged nucleus is wholly depenet al., 1998), suggesting that both alterations function to measurably increase the strength of the damage signal. dent on the DNA checkpoint and not due to structural defects that prevent the execution of mitosis.
YKU70 encodes one of two Ku protein subunits that bind and protect the exposed DNA ends from exonuclease In a substantial number of zygotes (31.6%) in which damage was induced, the damaged nucleus divided degradation. The yku70⌬ mutation results in an increased rate of 5Ј to 3Ј DNA degradation at the HO cut together with the undamaged nucleus (Figure 3a) . One possible mechanism for the escape of the damaged site (Lee et al., 1998). When the heterokaryon experiment was repeated with strains bearing either of these alternucleus from the cell cycle arrest is recombinational repair of the DSB damage using the silent HML and HMR ations, we found that neither a second HO cut site in the susceptible nucleus nor presence of the yku70 deleloci present in the damaged nucleus as gene conversion donors. The repaired MAT locus could then be cut again tion in both parents affected the outcome. In both cases, greater than 90% of zygotes exhibited mononuclear diviby the HO endonuclease, but the temporarily intact DNA might allow some cells to progress through mitosis. We sion, indicating that the increased DNA damage signal was still not able to arrest the undamaged nucleus (Figtested this hypothesis by inducing the HO endonuclease in MAT␣ haploid cells bearing either wild-type HML␣ ure 3a). These data are most consistent with the interpretation that the signal that prevents entry into anaphase and HMRa donor loci, or hml⌬ and hmr⌬ mutations. In the presence of recombination donors, ‫%03ف‬ of the is nondiffusible. We noted in the heterokaryon experiments that alcells were able to resume growth within 5 hr, whereas in the absence of recombination donors, virtually all though the presence of the damaged nucleus did not prevent the undamaged nucleus from dividing, it did cells remained arrested (Lee, et al., 1998 ; and data not shown). Thus, we repeated the heterokaryon experiment delay the onset of nuclear division. We compared the percentage of zygotes undergoing nuclear division at 2 using a MAT␣ hml⌬ hmr⌬ strain (TSY1267) as a parent, eliminating the possibility of recombinational repair of hr following release from the hydroxyurea arrest, in the presence or absence of DNA damage in one nucleus the DSB. Under these conditions, 93.3% of the zygotes displayed mononuclear division with the damaged nu- (Figure 3b ). Without induced damage, 85.1% of largebudded zygotes were undergoing nuclear division, cleus remaining undivided (Figure 3a) , supporting the hypothesis that the originally observed fraction of binuwhereas with induced damage only 65.1% of large budded zygotes were in nuclear division at the same time clear divisions was due to repair of the damage at the MAT locus.
point. This delay was eliminated when both parents bore rad9⌬ mutations (Figure 3b) , indicating that the delay is In the above experiments, we used hydroxyurea to synchronize the zygotes prior to mitosis. Hydroxyurea DNA damage dependent. If this delay were a manifestation of a diffusible DNA damage checkpoint signal, then blocks DNA replication and activates the replication checkpoint. To exclude the possibility of interference we might expect that the delay would be greater if the DNA damage signal was increased. Interestingly, neither between the hydroxyurea-generated signal and the DNA damage signal, we performed the heterokaryon experithe addition of a second HO cut site nor the deletion of YKU70 changed the relative kinetics of division with and ment in the absence of hydroxyurea treatment. Although fewer cells were observed to be in division due to the without DNA damage (Figure 3b) . lack of synchronization, there was no quantitative difference in the behavior of the zygotes. Without DNA damDiscussion age, 89.2% of zygotes displayed binuclear nuclear division, while in the presence of DNA damage in one By inducing a single DSB into one nucleus of a binuclenucleus, 94.4% of zygotes displayed mononuclear diviate heterokaryon, we have shown that unrepaired chrosion in which the damaged nucleus remained arrested. mosomal damage in one nucleus does not prevent the These experiments demonstrate that a single unredivision of the undamaged nucleus present in the same paired DSB in one nucleus creates a checkpoint-medicytoplasm. The arrest of mitosis in the nucleus suffering ated arrest of that nucleus only, without affecting the the HO-induced DSB arrest depends on the RAD9-medidivision of a second, undamaged nucleus in the same ated DNA damage checkpoint. We conclude from these cytoplasm, suggesting that the DNA damage signal is results that the DNA damage response in budding yeast not diffusible. 
